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a b s t r a c t
A controlled four-month trial was conducted to compare the effects of ozonation (oxidation–reduction
potential setpoint =250mV) versus no ozonation on rainbow trout Oncorhynchus mykiss performance,
health, and welfare in replicated WRAS operated at low exchange rates (0.26% of the total recircu-
lating ﬂow) and high feed loadings (3.9 kg/day per m3/day makeup ﬂow). Rainbow trout at 74±2g
(mean± standard error) in size were randomly stocked into six replicated 9.5m3 WRAS (1000 ﬁsh per
system). Ozonation of the three treatment WRAS began two months post-stocking following bioﬁlter
acclimationwhen ﬁshwere 295±1g. Fish weremaintained at densities between 40kg/m3 and 80kg/m3
throughout the study at water temperatures of approximately 13–17 ◦C. By study’s end, percentage sur-
vival for both groups was high (>98%). Fish in ozonated systems weighed signiﬁcantly (p<0.05) more at
study’s end thanﬁsh from thenon-ozonated systems (1161±6g vs. 993±12g, respectively). Histopatho-
logical evaluation revealed increased levels of gill epithelial hyperplasia and hypertrophy, as well as
hepatic lipidosis, in ﬁsh from ozonated systems; however, all lesions were subclinical. Fin condition was
goodoverall in bothgroups, althoughﬁsh fromnon-ozonatedWRAShadbetter (p<0.05) dorsal ﬁn indices
than ﬁsh in the ozonated cohort. The major blood chemistry ﬁnding was higher (p<0.05) urea nitrogen
in ﬁsh from non-ozonated systems (15.33±0.90mg/dL, vs. 6.800±0.470mg/dL in ﬁsh from ozonated
WRAS). Overall, the results of this study indicate that raising rainbow trout to market size in ozonated
WRAS improves ﬁsh performance without signiﬁcantly impacting their health and welfare.
© 2011 Elsevier B.V.
1. Introduction
Ozone (O3) has been shown to improve water quality in water
recirculation aquaculture systems (WRAS) by reducing parame-
ters such as total suspended solids, carbonaceous oxygen demand,
and color (Reid and Arnold, 1994; Summerfelt et al., 1997, 2008).
Ozone can be utilized to reduce bacteria levels in the recirculating
water (Sharrer and Summerfelt, 2007; Summerfelt et al., 2009) and
prevent the accumulation and/or decrease the viability of oppor-
tunistic ﬁsh pathogens (Liltved et al., 1995; Bullock et al., 1997;
Summerfelt, 2003). In situations where biosecure groundwater is
unavailable, ozonation has been used successfully to treat inﬂu-
ent surface water at various aquaculture facilities (Cryer, 1992;
Liltved, 2001; Summerfelt et al., 2008) to achieve reduction in bac-
teria numbers. Ozone can be added toWRASwater through oxygen
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transfer devices such as Speece cones, U-tubes, packed columns,
and lowheadoxygenators (Summerfelt, 2003).Ozone is toxic toﬁsh
at very low levels (Wedemeyer et al., 1979; Langlais et al., 1991);
therefore care must be taken to provide sufﬁcient ozone trans-
fer for effective water treatment without allowing ozone residual
to persist and come into contact with cultured ﬁsh (Summerfelt,
2003; Summerfelt et al., 2009; Davidson et al., 2010). Wedemeyer
et al. (1979) recommend a maximum level of 0.002mg/L ozone
for salmonids; higher levels have been associated with acute gill
epithelial damage,with consequent physiological imbalances lead-
ing to death or increased susceptibility to opportunistic infections
(Paller and Heidinger, 1980; Bullock et al., 1997). More recent
research has focused on the oxidative damage from ozone-derived
reactive oxygen species (O2•−, H2O2, HO2•, O3•−, etc.) as indi-
cated by antioxidant enzyme activity and low molecular weight
scavenger levels in gill and liver tissue (Ritola et al., 2000, 2002) fol-
lowing direct exposure to ozonatedwater. However, little research
has been carried out examining ﬁsh health and performance out-
comes in realistic production settings, i.e. those employing water
ozonationwhile utilizing safeguards to prevent ﬁsh frombecoming
directly exposed to ozone residuals.
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Recent studies at The Freshwater Institute have investigated
water quality and ﬁsh health and performance in WRAS oper-
ated at low ﬂushing and high feed loading rates (Davidson et al.,
2009, 2010; Good et al., 2009, 2010). The impetus for these studies
was based on previous observations during unreplicated stud-
ies indicating that WRAS with high feeding and low ﬂushing (i.e.
1.3–2.0 kg feed/day per m3/day of makeup water ﬂow) produced
ﬁsh mortality events due to undetermined causes. The high mor-
tality levels observed during these episodes could represent an
important barrier to operating WRAS with limited makeup water
addition. On-site replicated studies have thus far not been suc-
cessful in reproducing the previously observed mortality events
under these conditions; in fact, rainbow troutOncorhynchus mykiss
performed just as well over a 6-month period in high feeding/low
ﬂushing WRAS as they did in high ﬂushing/low feed loading sys-
tems (Good et al., 2009). Davidson et al. (2009) examined thewater
quality in this study andwere able to identify accumulating param-
eters (copper, total suspended solids, and heterotrophic bacteria)
thatmight have been responsible for, or associatedwith, the previ-
ously observed ﬁsh health decline; however, further investigation
of these and other potential etiologies is required.
Because ozone appeared to remediate the mortality observed
during the original ﬁsh health event in high feeding, low ﬂush-
ing conditions (unpublished ﬁnding), further replicated research
was warranted to elucidate the effects of water ozonation on ﬁsh
health and performance, and water quality, in such tightly oper-
ated systems. The objective of the present study was to examine
rainbow trout performance and various health and welfare indica-
tors in relation to water ozonation in low-exchange WRAS; for a
complete summary of water quality evaluations carried out in this
study, please refer to Study 1 results in Davidson et al. (2010).
2. Materials and methods
The replicatedexperimentalWRASusedatTheFreshwater Insti-
tutehavebeenpreviouslydescribed indetail (Davidsonet al., 2009).
In short, six identical 9.5m3 WRAS consisting of 5.3m3 circular
“Cornell-type” dual-drain tanks, ﬂuidized sand bioﬁlters, packed
column degassers, low head oxygenators (LHOs), and drum ﬁl-
ters (with 60m sieves), were used in this research. The total
recirculation ﬂow was 380L/min, with a low exchange of 0.26%
makeup water out of the total recirculation ﬂow. At this level
of makeup ﬂow, total system volume was exchanged approxi-
mately once every 6.7 days. Three WRAS were randomly selected
to include ozone generators (Model G22, Paciﬁc Ozone Technol-
ogy, Benecia, CA), which converted a fraction of the pure oxygen
feed gas to ozone that was subsequently transferred to water
within the systems’ LHOs. To control ozone levels throughout the
study, oxidation–reduction potential (ORP) was monitored in the
culture tank,withanORPdigital sensor (ModelDRD1R5,HachCom-
pany, Loveland, CO) placed directly in front of the inlet ﬂow. An
SC100 Universal Controller (Hach) provided proportional-integral-
derivative control of generator output to maintain ozone ORP
(setpoint =250mV) to improve overall water quality yet ensure the
prevention of toxic ozone residuals within the culture tank.
In addition to the six WRAS, three small (0.5m3) circular tanks
within a ﬂow-through system in a separate building were used
for a comparison ﬁsh group (no 5.3m3 ﬂow-through tanks were
available to provide true ﬂow-through controls; therefore, results
obtained from this ﬂow-through group are provided for compar-
ison purposes only). Fish were maintained in these ﬂow-through
tanks at identical densities and feeding rates as the replicated
WRAS. AllWRASmakeupwater and comparisonﬂow-through tank
water originated from a common spring source.
Rainbow trout were acquired as eyed eggs from a commercial
producer and were incubated and hatched on-site. After several
months of early rearing in a ﬂow-through system, the trout were
randomly stocked into the six WRAS and three comparison tanks
at 74±2g in size (mean± standard error); each WRAS received
1000 ﬁsh and each ﬂow-through tank received 100 ﬁsh. At the
timeof stocking, theWRASbioﬁlterswere still undergoing acclima-
tion, and therefore ozonation of the three treatment WRAS did not
begin until two months post-stocking, when ﬁsh were 295±1g.
Throughout the study period, all ﬁsh were maintained at densities
between 40kg/m3 and 80kg/m3 (i.e., when densities periodically
approached the maximum limit of 80kg/m3 the populations were
culled back to lower densities, consistent between all treatment
tanks). Water temperatures were approximately 13–14 ◦C during
the study and dissolved oxygen was maintained at saturation. The
ﬁsh were observed daily for any signs of morbidity or unusual
behavior. A constant 24-h photoperiodwas provided, and ﬁshwere
fed equal portions every alternate hour (with two feed event occur-
ring within that hour) using automated feeders (T-drum 2000CE,
Arvo-Tec, Finland). The feeding rates used were from standardized
feeding charts, and were occasionally modiﬁed based on observa-
tions of feeding activity andwasted feed. A slow-sinking trout feed
(Zeigler Brothers, Inc., Gardners, PA, USA) with a 42:16 protein-to-
fat ratiowas used, andmean feed loadings of 3.9 kg/day perm3/day
make-up water were maintained for each WRAS.
Fish performance was assessed through monthly length and
weight samplings, and mortalities were removed and recorded
daily to assess survival in each study tank. Extensive water sam-
pling was also carried out throughout the study to determine the
effects of ozone on a wide range of water quality parameters. For a
complete description of all performance, survival, and water qual-
ity sampling protocols, formulae, and statistical methods, please
refer to Davidson et al. (2010).
Overall ﬁsh health was assessed through sampling multiple tis-
sues for histopathological evaluation. At study’s end, ﬁve ﬁsh per
tank were randomly selected via dip netting and euthanized with
an overdose (300mg/L) of MS-222 (Western Chemical, Ferndale,
WA). Samples of skin, gill, heart, liver, and kidney were collected
and preserved in histological grade 10% formalin solution (Fisher
Scientiﬁc) for one week prior to shipment to the Washington Ani-
mal Disease Diagnostic Laboratory (Pullman, WA) for processing
andevaluation. Threeﬁsh fromeachﬂow-throughcomparison tank
were also sampled for tissue collection. All tissues were sampled
in a similar manner between ﬁsh, e.g., all gills were sampled on
the left side, taking the middle third of the second gill arch. The
veterinary pathologist assessing the processed histology slideswas
blinded to the treatmentgrouporigins for all specimens. Each lesion
type observedwas characterized, and a 0–5 point grading scalewas
developed to quantify the extent and severity of tissue pathology,
with 0 representing normal healthy tissue and 5 denoting lesions
affecting essentially 100% of the tissue examined. Histopatholog-
ical data for each lesion type within each tissue evaluated were
analyzed with STATA 9 software (StataCorp, College Station, TX)
using bivariable ordered logistic regressionmodels,with treatment
(ozone vs. no ozone) as the independent variable in each model
and lesion score as the ordinal dependent variable. These regres-
sion analyses were repeated to compare ﬁsh in WRAS (both ozone
and no ozone treatment groups combined) with ﬁsh from the com-
parison ﬂow-through tanks.
At study’s end, 50 ﬁsh from each WRAS and 20 ﬁsh from each
ﬂow-through comparison tank were randomly selected and euth-
anized, and fork, dorsal ﬁn, and caudal ﬁn (top and bottom poles)
lengthsweremeasured to the nearest 0.1mmusing a digitalmicro-
caliper. Fin indices for the three measured ﬁns were calculated by
dividing their lengths (i.e. longest ﬁn ray) by the fork length. As
ﬁn index data were assessed to be non-parametric, Kruskal–Wallis
tests were performed to determine the relationship between ﬁn
erosion and ozone or no ozone treatments. These analyses were
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Fig. 1. Comparison of growth curves for rainbow trout reared in ozonated and non-
ozonated water recirculation aquaculture systems during the four-month study
period.
then repeated to compare the dorsal, caudal top, and caudal bot-
tom ﬁn indices for ﬁsh raised in WRAS (both ozone and no ozone
treatment groups combined) versus ﬁsh raised in the ﬂow-through
comparison tanks.
At the end of the study period, 5 ﬁsh from eachWRAS (and 3 ﬁsh
fromeach ﬂow-through comparison tank)were randomly sampled
and bled via caudal venipuncture using a 21-guage 1.5-inch nee-
dle and 5mL syringe. Whole blood samples were analyzed on-site
using an i-Stat 1 portable analyzer (Abbott Laboratories, Abbott
Park, IL) with CG4+ and CHEM8+ cartridges. The CG4+ blood gas
cartridges assessed a suite of blood parameters including pH, pCO2,
pO2, HCO3, total CO2, O2 saturation, and lactate, while CHEM8+
blood chemistry cartridges provided data for whole blood sodium,
potassium, chloride, calcium, glucose, creatinine, hematocrit, and
hemoglobin levels. Statistical assessment was carried out in STATA
9 using bivariable linear regression models with treatment (ozone
vs. no ozone) as the independent variable and the given whole
blood parameter as the dependent variable. Regression models for
all parameters were then repeated to assess differences between
WRAS and ﬂow-through environment ﬁsh populations.
3. Results
The results of water quality assessments and ﬁsh performance
and survival are described in detail in Davidson et al. (2010). In
short, ozonation signiﬁcantly affected a variety of water quality
parameters, including reductions in total suspended solids, total
particles (0–200m), biochemical oxygen demand, true color, het-
erotrophic bacteria counts, and dissolved copper, and an increase
in ultraviolet transmittance. In ozonated WRAS, ﬁsh size (Fig. 1) at
346dayspost-hatchwas signiﬁcantly greater than innon-ozonated
WRAS (1161±6g vs. 993±12g, respectively), while ﬂow-through
comparison ﬁsh had a mean weight of 1259±21g at study’s
end. Overall survival in all cohorts was high, with 99.3%±0.2,
98.3%±0.5, and 99.3%±0.1 ﬁsh surviving to study’s end in the
ozone, no ozone, and ﬂow-through groups, respectively.
Histopathology evaluations revealed numerous subclinical (i.e.,
not leading to observable pathologies and/or clinical signs) lesion
types in the skin, gill, heart, liver, and kidney of ﬁsh from all treat-
ment groups. For themajority of these observed lesion types, there
were no statistically signiﬁcant differences in pathology preva-
lence/severity between the treatment groups; however, ﬁsh from
ozonated WRAS had statistically higher levels of gill epithelial
hyperplasia and hypertrophy, as well hepatic lipidosis (Table 1).
Fig. 2. Fin indices (length of the longest ﬁn ray standardized by ﬁsh fork length) for
the dorsal and caudal ﬁns (top and bottom poles) for ﬁsh in the ozone, no ozone,
and ﬂow-through comparison groups. Error bars represent standard errors. *Signif-
icantly different (p<0.05) from WRAS (ozone and no ozone groups combined).
Fish from the ﬂow-through comparison tanks had, on average,
signiﬁcantly higher levels of gill epithelial hyperplasia and lym-
phocytic hepatitis than ﬁsh sampled from the WRAS (both ozone
and no ozone treatment groups combined) (Table 2).
Blood gas and chemistry analyses also revealed several statis-
tically signiﬁcant differences among treatment groups. Sampled
ﬁsh from ozonated WRAS had signiﬁcantly lower whole blood
chloride, calcium, and urea nitrogen compared to ﬁsh from non-
ozonated WRAS. Fish from the ﬂow-through comparison tanks
had signiﬁcantly lower whole blood chloride, urea nitrogen, hema-
tocrit, hemoglobin, pH, oxygen gas partial pressure, percentage
oxygen saturation, and lactate, and higher carbon dioxide gas par-
tial pressure, than sampled ﬁsh from bothWRAS treatment groups
combined (Table 3).
Caudal ﬁn indices (Fig. 2) were similar between treatment
groups, with calculated top pole indices of 0.1106±0.0132,
0.1112±0.0146, and 0.1100±0.0107 for the ozone, no ozone, and
ﬂow-through groups, and bottom pole indices of 0.1016±0.0132,
0.1021±0.0121, and 0.1023±0.0102 for the ozone, no ozone,
and ﬂow-through groups, respectively. The ﬂow-through com-
parison ﬁsh had signiﬁcantly lower dorsal ﬁn indices relative
to the WRAS treatment groups; calculated indices for this ﬁn
were 0.0845±0.0181, 0.0870±0.0180, and 0.0737±0.0170 for the
ozone, no ozone, and ﬂow-through comparison groups, respec-
tively.
4. Discussion
Histopathological evaluations revealed a signiﬁcantly higher
prevalence of speciﬁc gill and liver lesions in rainbow trout in
ozonated WRAS. However, the performance of these ﬁsh, in terms
of growth and survival, appeared unaffected, and for these out-
comes the beneﬁt of water ozonation was clearly demonstrated in
this study. Gill epithelial hyperplasia and hypertrophy, observed
at a higher prevalence in ﬁsh from ozonated WRAS, are gener-
ally considered unspeciﬁc tissue responses potentially elicited by
numerous infectious and environmental challenges, such as expo-
sure to increased waterborne particulate matter (Sutherland and
Meyer, 2007). Due to the increased diffusion distance for gas and
ionic exchange (Ferguson, 1989) in hyperplastic or hypertrophic
gill tissue, clinically affectedﬁshoftendemonstrate signsof respira-
tory distress including increased ventilation rates, ﬂared operculae,
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Table 1
Summary of histological lesions observed in various tissues from ozonation and non-ozonation treatment groups, and results of statistical analysis using ordered logistic
regression.
Tissue/lesion type Lesion prevalence Odds ratio (95% C.I.) p-Value
Ozone No ozone
Skin
Lymphocytic dermatitis 0/15 0/15 – –
Lymphocytic epidermitis 15/15 14/15 9.17 (0.67, 125) 0.096
Goblet cell hyperplasia 3/15 4/15 0.54 (0.09, 3.11) 0.491
Gill
Lymphocytic branchitis 15/15 11/14 – –
Epithelial hyperplasia 7/15 2/14 5.25 (1.23, 22.3) 0.025
Epithelial hypertrophy 8/15 1/14 15.6 (1.15, 211) 0.039
Capillary thrombosis 1/15 1/14 0.93 (0.07, 12.7) 0.956
Heart
Lymphocytic epicarditis 6/15 7/15 0.69 (0.14, 3.34) 0.644
Lymphocytic/histiocytic myocarditis 1/15 4/15 0.20 (0.02, 1.82) 0.152
Liver
Lymphocytic hepatitis, portal 4/15 1/15 5.23 (0.75, 36.5) 0.095
Lymphocytic hepatitis, random 4/15 3/15 1.45 (0.80, 2.64) 0.219
Hepatic lipidosis 11/15 7/15 3.25 (1.06, 9.98) 0.039
Kidney
Tubular hydropic degeneration 13/15 8/15 2.17 (0.81, 5.84) 0.124
Lymphohistiocytic interstitial nephritis 1/15 1/15 1.00 (0.07, 14.2) 1.000
Increased melanomacrophages 1/15 0/15 – –
Table 2
Summary of histological lesions observed in various tissues from water recirculation aquaculture systems (ozonation and non-ozonation treatment groups combined) and
ﬂow-through comparison tanks, and results of statistical analysis using ordered logistic regression.
Tissue/lesion type Lesion prevalence Odds ratio (95% C.I.) p-Value
Recirc. Flow-through
Skin
Lymphocytic dermatitis 0/30 1/9 – –
Lymphocytic epidermitis 29/30 8/9 0.37 (0.09, 1.57) 0.177
Goblet cell hyperplasia 7/30 3/9 0.68 (0.12, 3.93) 0.669
Gill
Lymphocytic branchitis 26/29 9/9 – –
Epithelial hyperplasia 9/29 7/9 0.06 (0.01, 0.37) 0.003
Epithelial hypertrophy 9/29 2/9 1.73 (0.15, 20.6) 0.664
Capillary thrombosis 2/29 2/9 0.24 (0.02, 3.11) 0.274
Heart
Lymphocytic epicarditis 13/30 4/9 0.83 (0.08, 8.96) 0.882
Lymphocytic/histiocytic myocarditis 5/30 0/9 – –
Liver
Lymphocytic hepatitis, portal 5/30 1/9 1.64 (0.21, 12.8) 0.636
Lymphocytic hepatitis, random 7/30 3/9 0.61 (0.43, 0.87) 0.006
Hepatic lipidosis 18/30 5/9 0.92 (0.22, 3.94) 0.912
Kidney
Tubular hydropic degeneration 21/30 8/9 1.38 (0.60, 3.20) 0.446
Lymphohistiocytic interstitial nephritis 2/30 0/9 – –
Increased melanomacrophages 1/30 1/9 0.28 (0.02, 4.27) 0.357
Table 3
Whole blood gas and chemistry analyses results (mean± standard error) for ozone, no ozone, and ﬂow-through comparison groups.
Parameter Treatment group
Ozone No ozone Flow-through
Sodium (mmol/L) 143.9 ± 0.4 144.3 ± 0.4 144.2 ± 0.8
Potassium (mmol/L) 3.129 ± 0.296 3.053 ± 0.170 3.767 ± 0.422
Chloride (mmol/L) 131.5 ± 0.5† 133.0 ± 0.5 127.0 ± 0.7‡
Calcium (mmol/L) 1.411 ± 0.023† 1.467 ± 0.017 1.461 ± 0.020
Glucose (mg/dL) 87.93 ± 3.46 83.20 ± 3.56 88.44 ± 5.05
Urea nitrogen (mg/dL) 6.800 ± 0.470† 15.33 ± 0.90 2.033 ± 0.187‡
Hematocrit (%PCV) 36.40 ± 0.63 37.20 ± 0.71 34.33 ± 1.32‡
Hemoglobin (g/dL) 12.39 ± 0.22 12.65 ± 0.24 11.69 ± 0.45‡
pH 7.144 ± 0.009 7.125 ± 0.017 7.069 ± 0.008‡
tCO2 (mmol/L) 13.53 ± 0.27 12.20 ± 0.50 12.56 ± 0.38
pCO2 (mmHg) 42.44 ± 0.73 40.05 ± 1.18 48.48 ± 1.05‡
pO2 (mmHg) 25.29 ± 1.31 25.87 ± 1.48 18.56 ± 1.38‡
sO2 (%) 31.43 ± 2.89 31.80 ± 3.18 16.44 ± 2.02‡
HCO3 (mmol/L) 14.63 ± 0.39 13.25 ± 0.56 14.03 ± 0.38
Lactate (mmol/L) 3.146 ± 0.229 2.842 ± 0.208 2.194 ± 0.231‡
† Signiﬁcantly different (p<0.05) from no ozone group.
‡ Signiﬁcantly different (p<0.05) from WRAS (ozone and no ozone groups combined).
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and crowding at water inﬂows. However, none of these signs was
noted in the ozonated WRAS cohort at any point in the study, and
furthermore blood gas analyses revealed no signiﬁcant differences
in pO2 and sO2 between the two treatment groups. Therefore, the
gill lesions noted were subclinical in nature, and did not appear
to detrimentally inﬂuence affected ﬁsh under these experimental
conditions. Affected ﬁsh placed under different conditions, such as
aerobic stress, maywell have demonstrated physiological compro-
mise inone formor another; however, suchenvironmental changes
and their ﬁsh health consequences were not assessed in this study.
Because ﬁsh from ozonatedWRAS had a signiﬁcantly higher preva-
lence of these speciﬁc gill lesions, it is possible that low levels
of ozone residual could have been produced occasionally by hys-
teresis of the proportional-integral-derivative algorithm used for
ozone control (due to poor response when auto-timing) leading to
mild gill irritation and the pathologies observed. It is interesting to
note, however, that gill epithelial hyperplasia was actually signif-
icantly more prevalent in ﬂow-through comparison ﬁsh than ﬁsh
from both WRAS treatments combined, but as this tissue change is
unspeciﬁc it is likely that ﬁsh experienced different challenges in
the ﬂow-through tanks despite this relatively “clean”water quality
environment.
Histopathological evaluations in this study demonstrated a
range of subclinical lesions in all tissue types examined. In the
authors’ experience, this is a typical ﬁnding when performing a
broad survey of tissues from cultured ﬁsh under a variety of envi-
ronmental conditions (Good et al., 2009, 2010, in press), and does
not necessarily indicate compromised health. In this study, most
lesion types observed were not signiﬁcantly more prevalent in one
treatment group versus the other, and aside from the gill lesions
mentioned above, only hepatic lipidosis was signiﬁcantly more
prevalent in theozonatedWRAScohort.Hepatic lipidosis (the accu-
mulation of large amounts of lipid (triglyceride) in liver tissue) is a
commonﬁnding inotherwisehealthyﬁshunder culture conditions,
and can result from, among other things, increased ingestion of an
energy-rich diet (Wolf and Wolfe, 2005). Because of the enhanced
water clarity in the ozonated WRAS culture tanks, it is likely that
ﬁsh in these systems were able to visualize feed better and there-
fore ingestmore (as evidenced by the faster growth and better feed
conversion (Davidson et al., 2010) in this experimental group), and
hence the observed hepatic lipidosis in this cohort is likely related
to a greater ingestion of high-energy feed. The faster growing ﬂow-
through comparison cohort also exhibited hepatic lipidosis at a
relatively high prevalence, most likely for the same reason as was
observed in the ozonated WRAS group.
Blood gas and chemistry analyses revealed statistically signif-
icant differences in several blood parameters between ozonated
and non-ozonatedWRAS trout cohorts. For themost part, these dif-
ferences were clinically insigniﬁcant in that values in both groups
were within published expected ranges for salmonids (Stoskopf,
1993;Wedemeyer, 1996). Blood urea nitrogen (BUN) was elevated
beyond published reference ranges (Wedemeyer, 1996) in both
WRAS groups relative to the ﬂow-though comparison group, and
these elevated (i.e. >4.5mg/dL) levels have been observed by these
authors in other ﬁsh cohorts reared in WRAS (unpublished). The
relationship between the WRAS environment and increased BUN
remains unclear at present. Davidson et al. (2010) report nearly
identical total ammonia nitrogen, nitrite, and nitrate levels in the
water of both treatment groups in this study, and because ﬁsh
from ozonated WRAS had signiﬁcantly lower BUN concentrations
(although still elevated in terms of published expected levels) com-
pared to ﬁsh from the non-ozonated systems, it is unlikely that the
nitrogenous compounds in the water were inﬂuencing BUN levels.
Stoskopf (1993) suggests that elevated BUN in ﬁsh is likely related
to liver or gill dysfunction, although in this study higher levels of
both gill and liver pathologies were noted in the ozonated group.
The basis for why WRAS ﬁsh have elevated BUN levels, whether
this abnormality has relevant physiological consequences, andwhy
water ozonation appears to reduce BUN, requires further examina-
tion.
Fin condition is often employed as an indicator of ﬁsh welfare
(Ellis et al., 2008), although the etiology of ﬁn erosion is not com-
pletely understood and is assumed to be a complex, multifactorial
process (Latremouille, 2003). Certain environmental conditions,
including increased stocking densities andhigh levels of suspended
solids, are considered to be predisposing factors for ﬁn erosion
(Wedemeyer, 1996). Aggressive behavior such as nipping has also
been shown to be a direct cause of ﬁn erosion (Abbott and Dill,
1985). Fin indices (Kindschi, 1987) are considered to be the most
objective method for evaluating ﬁn erosion (Latremouille, 2003).
It is interesting to note that, despite differences in water quality
and clarity between the two treatment groups in this study, there
wereno signiﬁcant differences inﬁn indices between the treatment
groups for thedorsal ﬁnand forbothpolesof the caudalﬁn. Thedor-
sal ﬁn erosion observed in the ﬂow-through comparison ﬁsh was
likely related to aggressive ﬁn-nipping because, when compared to
ﬁsh in eitherWRAS treatment group, ﬁsh in the ﬂow-through tanks
were not forced to swim against the tank rotational water ﬂow and
hence were more likely to engage in agonistic behavior.
5. Conclusions
Although statistical differences were noted between the two
treatment groups for a variety of ﬁsh health outcomes (i.e. blood
gas, chemistry, andhistopathology), theseﬁndingswere subclinical
and did not appear to affect overall ﬁsh health under these experi-
mental conditions. This study demonstrated that water ozonation
in WRAS can be used for growing rainbow trout faster to market
size without compromising ﬁsh health or welfare.
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